ABSTRACT. Dendrobium officinale is an endangered orchid from southeast Asia that is known for its medicinal properties in traditional Chinese medicine. We constructed an integrated genetic linkage map of an F 1 population derived from an interspecific cross between D. officinale and D. aduncum (both, 2n = 38), using expressed sequence tag-simple sequence repeats (EST-SSR) and sequence-related amplified polymorphism (SRAP). A total of 349 polymorphic loci, including 261 SRAP loci and 88 EST-SSR loci, were identified for genetic linkage analysis. The software JoinMap 4.0 was used to construct the genetic maps. A total of 157 loci were arranged into 27 major linkage groups, each containing a minimum of four markers, and a further 23 markers were distributed to five triplets and four doublets, the frame map covered a total distance of 1580.4 cM, with a mean of 11.89 cM between adjacent markers. This primary map of the D. officinale and D. aduncum hybrid provides a basis for genetic studies and should
nhua (119°64'E, 29°12'N), Zhejiang, China; the male parent D. aduncum (Sect. Breviflores) was from a natural region in Luxi (103°76'E, 24°52'N), Yunnan, China. Two flowering plants before hybridization are shown in Figure 1 . Both of them were collected from the wild and transplanted in the greenhouse of Hangzhou Normal University (120°19'E, 30°26'N) for further hybridization since 2004. Seeds obtained from cross-pollination were germinated in lightly moistened potting mix at room temperature. Healthy seedlings were transplanted into the nursery garden after three months. Finally, a total of 140 seedlings from interspecies hybrids were randomly selected to construct the molecular genetic linkage map. Genomic DNA was extracted individually from leaf samples as described previously (Wang et al., 2009a) . The concentration of genomic DNA samples was determined by NanoDrop TM 1000 (Thermo Fisher Scientific, Wilmington, USA) and checked with 1% agarose gel electrophoresis. A portion of the DNA was diluted to 30 ng/μL with solution buffer and used as a template for PCR amplification, and stock portions were stored at -20°C.
Expressed sequence tag (EST)-SSR analysis
A set of 309 pairs of SSR primers were developed based on the sequence data of the ESTs from the cDNA libraries of D. nobile (Lu JJ, Kang JY, Ye SR, Zhao HY, et al., unpublished results) and D. officinale (Lu et al., 2012b) . In brief, the cDNA libraries of D. noble and D. officinale were constructed, and at least 4075 and 1835 'valid' ESTs were obtained, respectively. The total EST sequences were searched for the presence of SSR motifs by the Perl-based script MISA (http://www.pgrc.ipk-gatersleben.de/misa/), with the parameter for detecting dinucleotide core repeat motifs at least 5 repeats, trinucleotides at least 4 repeats and other SSRs (tetranucleotides up to hexanucleotides) at least 3 repeats. Interrupted composite SSRs were also selected (intervening bases ≤100 bp). The sequences were used to design primers flanking the putative SSRs by Primer 3, with a primer length of 19-22 nucleotides, 40-60% GC content, optimum 50°-60°C melting temperature with a difference of 2°C between forward and reverse primer, and an expected amplification size smaller than 300 bp. The primers were used in amplifying the SSR loci in genomic DNA of D. noble and D. officinale, respectively, and the sequence and motif of expected size amplified bands for each EST-SSR primer pairs were validated by sequencing. All 309 successfully developed EST-SSR primers were screened with the parental samples to identify the potentially polymorphic loci; the primers showing polymorphism between the parents were then rescreened on six progeny individuals and both parents. Primers with fragments segregating in both parents and the progeny were selected for subsequent use in mapping the whole population.
Amplifications were performed on 96-well microplates using an MJ Research PTC-100 thermal cycler (MJ Research Inc., Waltham, MA, USA). A total volume of 20 µL comprised 30 ng genomic DNA, 0.2 µM each primer, 200 µM dNTPs, 1 U Taq DNA polymerase with 10X PCR universal buffer, and 1.5 mM MgCl 2 (TaKaRa, Japan). PCR cycling parameters were 1 cycle of 94°C for 5 min; 32 cycles of 94°C for 40 s, 40 s annealing at temperatures appropriate for each EST-SSR primer pair (Table 1) and 72°C for 90 s, and an extension at 72°C for 10 min. The products were separated on a 6% (w/v) vertical polyacrylamide gel. The gel was run at 220 V constant power for 2 h, until xylene cyanol reached the bottom of the gel. After electrophoresis, the gel was stained with AgNO 3 solution.
SRAP analysis
The wonderful transferability SRAP primers, which were developed and used for mapping and gene tagging in Brassica by Li and Quiros (2001) , were used in our study. Four hundred and thirty-seven SRAP primer combinations were used as candidates, and they were derived from 19 forward primers and 23 reverse primers ( Table 2 ). The high polymorphic SRAP primer combinations used for our map construction were selected with the same selection procedures of EST-SSRs. SRAP PCR mixture was prepared as that in EST-SSR analysis except using different primers, and cycling parameters were: 94°C for 5 min followed by 5 cycles of 94°C for 60 s, 35°C for 60 s, and 72°C for 60 s; 35 cycles of 94°C for 60 s, 50°C for 60 s, 72°C for 60 s, and a final extension at 72°C for 7 min. The SRAP PCR products were separated as for EST-SSR markers as described above. 
Marker scoring and marker nomenclature
Segregating markers were scored as '1' for presence and '0' for absence of a specific band amplified over the parents and the sibs. The data set included two segregation patterns: 1:1 for markers heterozygous in one parent and homozygous in the other one, and 3:1 for dominant (or 1:2:1 for codominant) markers heterozygous in both parents. SRAP markers were named after the primer serial number and the approximate fragment size. Microsatellite markers were named after the primer name.
Segregation analysis and map construction
For each marker, a χ 2 test was performed to identify alleles that deviated from Mendelian segregation ratios, only the markers with P > 0.05 were used for further analysis. Linkage groups (LGs) of the F 1 were established with the JoinMap 4.0 software (Stam, 1993) . Markers were placed into LGs with the "LOD grouping" command using the Kosambi map function (Kosambi, 1943) . Calculation parameters were set for the minimum LOD threshold of 4.0. The maps were constructed based on the 1:1 segregating markers and 3:1 (or 1:2:1) markers. Distorted markers were not included from linkage analysis.
LG drawings were performed with the MapDraw 2.1 software (Liu and Meng, 2003) .
Estimating genome length and map coverage
The estimated genome length (Ge) was the sum of the length of each LG multiplied by (m + 1) / (m -1), in which m (m ≥ 4) is the number of markers in each LG (Chakravarti et al., 1991) . The linkage map length (G) was the sum of the length of each LG (more than three markers). Therefore, G/Ge calculates the linkage map coverage.
Primer name
Sequence of primer (5'→3') Primer name Sequence of primer (5'→3') ME 1 TGAGTCCAAACCGGATA EM 1 GACTGCGTACGAATTAAT ME 2 TGAGTCCAAACCGGAGC EM 2 GACTGCGTACGAATTTGC ME 3 TGAGTCCAAACCGGAAT EM 3 GACTGCGTACGAATTGAC ME 5 TGAGTCCAAACCGGAAG EM 4 GACTGCGTACGAATTTGA ME 6 TGAGTCCAAACCGGTAA EM 5 GACTGCGTACGAATTAAC ME 7 TGAGTCCAAACCGGTCC EM 6 GACTGCGTACGAATTGCA ME 8 TGAGTCCAAACCGGTGC EM 7 GACTGCGTACGAATTCAA ME 9 TGAGTCCAAACCGGTAG EM 8 GACTGCGTACGAATTCTG ME 10 TGAGTCCAAACCGGTCT EM 9 GACTGCGTACGAATTCGA ME 11 TGAGTCCAAACCGGACA EM 10 GACTGCGTACGAATTCAG ME 
RESULTS

SSR and SRAP markers
Of the 309 pairs of SSR primers tested in this study, 97 (31.39%) did not show PCR products, 156 of them (50.49%) produced PCR bands without segregation, and the other 56 (18.12%) generated 88 segregating loci, including 24 pairs (44.83%) generating one locus and 32 pairs (55.17%) generating two loci (Table 1) . One hundred and three of the 437 SRAP primer combinations displayed better polymorphisms (19 forward primers in combination with 23 reverse primers). The 103 primer combinations generated a total of 261 polymorphic fragments, and the number of segregating fragments per primer combination ranged from 2 to 7, with the size between 100 and 800 bp. Examples of polyacrylamide gel electrophoresis patterns of SSR and SRAP markers are shown in Figure 2 . 
Segregation distortion
In the total number of 349 polymorphic loci (88 derived from SSR primers and 261 derived from SRAP primers), 230 loci showed 1:1 segregation ratio and 35 loci showed 3:1/1:2:1 (14 of them are located on the map and marked with asterisks in Figure 3) , and segregation distortion from the expected 1:1 was observed in 63 loci, while segregation distortion from the expected 3:1/1:2:1 was observed in 16 loci, and the other 5 loci showed abnormal separation (Table 3 ). 
Genetic map construction
A total of 265 loci (230 of 1:1 and 35 of 3:1/1:2:1 segregation ratio) were used to calculate the average pairwise LOD and REC data. The final map contained 180 markers (20 SSRs and 160 SRAPs) mapped on 27 LGs with at least 4 markers, 5 triplets and 4 doublets ( Figure 3) . The map covered a linkage map length of 1580.4 cM with a mean distance of 11.89 cM between adjacent markers (Table 4 ). The length of the LGs ranged from 6.6 to 176.9 cM, and the number of markers per group varied from 4 to 14.
LG D1 contained the largest number of markers (14), whereas LGs D11, D12, D13, D14, D16, D17, D18, D24, D25, and D26 had the least, with only 4 markers each. On average, each LG contained 5.81 markers. The longest gap of 33.7 cM was found in LG D5 (Figure 3 ).
Types
Number Proportion (%) 
Expected and observed genome length and map coverage
The estimated genome length of Dendrobium was 2222.5 cM. The frame map length in this study was 1580.4 cM, which covered 71.1% of the genome (or total length of the linkage group was 1691.2 cM for the genome coverage of 76.1%) ( Table 5 . Genome length and map coverage of Dendrobium in this study.
DISCUSSION
In this study, we selected D. officinale and D. aduncum as parental materials. They belong to the section Dendrobium and Breviflores. Between them, there is a large divergence in terms of geographical distribution and phenotype, such as shapes and colors of leaf, flower, and labellum. Both species contain the same number of chromosomes (2n = 38), and their genetic relationship is close based on ISSR molecular analysis (Wang et al. 2009a) , suggesting the potential to generate a hybrid between these species. Following a number of trials of crosses between several Dendrobium species, we were successful in hybrid production between D. officinale and D. aduncum for the present study.
The pseudo-testcross is typical genetic strategy to construct linkage maps for an F 1 hybrid family (Grattapaglia and Sederoff, 1994) . Dendrobium plants have a long growth cycle, complex genetic background, highly heterozygous genetic loci and low self-seed set. These features have caused difficulty in complete genetic map construction of these plant species. Thus far, related genetic information is relatively limited for Dendrobium (Wang et al., 1999) . In this study, we created an F 1 interspecific hybrid of two Dendrobium species, and 140 seedlings of the F 1 family were used for EST-SSR and SRAP genotyping. As codominant markers, EST-SSR loci were used to integrate the two parental maps into one consensus map by the JoinMap software. We constructed the first integrated genetic map for the D. officinale and D. aduncum hybrid based on SSR and SRAP markers. The frame map length in this study was 1580.4 cM, which covered 71.1% of the genome.
Construction of a genetic linkage map, especially a high-density genetic linkage map, requires not only an appropriate mapping population, but also a large number of molecular markers. Because of the codominant inheritance patterns, abundance, high polymorphism and good stability, SSR markers have been widely used and thought to be ideal markers for constructing genetic linkage maps, especially for integration of the genetic maps from related species (Testolin et al., 2000) . In genetic maps reported previously in Dendrobium species (Xue et al., 2010; Lu et al., 2012a) , both RAPD and SRAP markers were used, but SRAP was preferred, since RAPD markers were considered to have low reproducibility (Jones et al., 1997) . The SSR primers from other plants are difficult to apply in Dendrobium species, and SSR data are still rarely available for the genus Dendrobium. Although we generated primers for Dendrobium EST-SSR, they revealed a low polymorphism between D. officinale and D. aduncum. Of 309 EST-SSR markers, 56 (18.12%) generated segregating loci that could be used to construct the map, and the rate was lower than that in Populus (23.12%), as reported by Wang et al. (2009b) . However, the EST-SSR primer pairs used in our study generated more loci per primer pair (1.55) than those in Populus (1.08). In the present study, both EST-SSR and SRAP markers were shown to have moderate distribution in LGs without obvious aggregation phenomenon (Figure 3) , suggesting that SRAP and SSR markers were feasible and appropriate for genetic map construction in Dendrobium species.
As compared with EST-SSR markers, 437 SRAP primer pairs produced 160 loci for the map construction, indicating that SRAP may be more informative in the study of Dendrobium. However, SSRs were very useful for the integration of the parental maps (Achere et al., 2004) . Clearly, more molecular markers are still needed to join those unlinked markers and small LGs of the primary map we constructed here. It is not surprising that low EST-SSR polymorphism was revealed in the Dendrobium plants. The SSR loci mapped in the present study were derived from ESTs, transcripts of functional genes underlying certain physiological processes. Despite the low polymorphism and low abundance, EST-SSR markers are powerful in identifying gene(s) or genetic loci that underlie traits in candidate-based association genetics. Therefore, the EST-based linkage map may be useful for the identification of both genes and QTL that can be further applied to marker-assisted selection of Dendrobium, such as the breeding of high levels of medicinal ingredients.
The haploid chromosome number of D. officinale and D. aduncum is 19 (Cheng et al., 1985) , which is smaller than the number of 27 LGs defined by the SSR and SRAP markers. In theory, the number of linkage groups should be consistent with the number of haploid chromosomes. More linkages than theoretically expected were reported in many other plants such as roses (Dugo et al., 2005) , olive (la Rosa et al., 2003) , lily (Abe et al., 2002) , sweet potato (Kriegner et al., 2003; Oliveira et al., 2007) , and pecan (Beedanagari et al., 2005) . Clearly, many of these described LGs will become fused when additional markers are included. In some cases, an insufficient number of markers may still give a similar number of LGs as the actual chromosome number, but likely without one-to-one correspondence due to missing information on a subset of the chromosome (Wang and Porter, 2004) . Eventually, any saturated genetic map should have the number of LGs equal to the haploid number (Yasukochi, 1998; Oliveira et al., 2007) . More advanced genotyping technology, such as high-throughput SNP fingerprint at the whole genome or transcriptome scale would generate a large number of DNA markers, necessary for the incorporation of complete genetic linkage maps.
The genetic map of the Dendrobium hybrid constructed in the present study brings new insights into genetic architecture and paves an appropriate basis for further comparative mapping among Dendrobium species. This preliminary linkage map for Dendrobium species that have limited genetic information, constructed using the EST-SSR and SRAP markers, can provide an important framework for future construction of high-density genetic linkage map. However, it is still necessary to construct a moderately or highly saturated genetic linkage map for successive QTL mapping and marker-assisted selections. In the long term, the present study will benefit positional cloning when tight linkages between molecular markers and important genes are established. In addition, confirming the corresponding relationship between LGs and chromosomes for QTL mapping, physical map construction will be needed in the future.
